Introduction
The type III secretion system (TTSS) is increasingly appreciated as a critical virulence mechanism for bacterial pathogens. Effectors secreted by the TTSS target various aspects of host signalling pathways and modulate normal host functions for the benefits of the bacteria (Galan and Wolf-Watz, 2006; Mattoo et al, 2007) . Identification of host targets and revealing the biochemical mechanism of TTSS effectors are important for understanding the molecular mechanism and evolution of bacterial virulence (Shao et al, 2002 (Shao et al, , 2003 Li et al, 2007; Zhu et al, 2008; Yao et al, 2009 ). The TTSS is widely present and highly conserved in the large majority of Gram-negative bacterial pathogens including Yersinia, Salmonella, Shigella, Pseudomonas and pathogenic Escherichia coli. TTSS effectors from different bacteria are generally not conserved and often endowed with unique biochemical activities. Certain host molecules involved in controlling actin cytoskeleton dynamics and innate immune responses are frequent targets for TTSS effectors from different bacterial pathogens.
As models for TTSS-containing enteric pathogens, enteropathogenic E. coli (EPEC) is a serious concern of causing infantile diarrhoea in developing countries (Chen and Frankel, 2005) , and the closely related enterohaemorrhagic E. coli (EHEC) is a frequent cause of food-born haemorrhagic colitis and diarrhoea in the developed world (Mead et al, 1999) . On infection, both bacteria induces formation of the A/E lesions on intestinal epithelial cells (Kaper et al, 2004) . The A/E lesions are characterized by localized effacement of the brush border microvilli, intimate attachment of the bacteria to the epithelium and development of pedestal-like protrusion structures comprised of actin polymer fibres beneath the bacterial attachment site. A TTSS located on a pathogenicity island known as the locus of enterocyte effacement is responsible for the A/E lesion and actin pedestal formation (Deng et al, 2004; Garmendia et al, 2005) . Several of EPEC/EHEC TTSS effectors are known to directly modulate the host actin cytoskeleton signalling and dynamics (Caron et al, 2006) . Tir is inserted into the host plasma membrane and serves as the receptor for bacterial outer membrane protein intimin (Kenny et al, 1997) . The Tir/intimin binding mediates bacterial attachment and colonization. The carboxyl terminus of Tir inside the host cell triggers formation of the pedestal structure through multiple mechanisms (reviewed in Frankel and Phillips, 2008) . In EHEC, this process is greatly aided by EspF U (also known as TccP) that directly activates the host actin nucleation-promoting factor N-WASP (Campellone et al, 2004; Garmendia et al, 2004; Cheng et al, 2008; Sallee et al, 2008) . Map induces a transient filopodia formation right after bacterial attachment and before pedestal formation (Kenny et al, 2002; Alto et al, 2006; Berger et al, 2009) , which results from its host-mimicking guanine nucleotide exchange factor (GEF) activity for small GTPase Cdc42 (Ohlson et al, 2008; Huang et al, 2009) . EspH represses filopodia formation beneath adherent bacteria and enhances pedestal formation, suggesting its potential function of modulating the actin cytoskeleton signalling (Tu et al, 2003) . In EHEC rabbit infection model, the espH À mutant has a reduced colonization throughout the intestinal tract and shows a significantly attenuated pathogenicity (Ritchie and Waldor, 2005) . However, the biochemical function of EspH and its function in pathogenesis remains largely unexplored.
Actin cytoskeleton in eukaryotic cells is controlled by Rho GTPases, including RhoA, Rac and Cdc42 (Hall, 1998) . The homeostatic level of cellular Rho GTPases is regulated by the ubiquitin-proteosome system in a nucleotide-dependent manner . GEF catalyses the exchange of GDP for GTP for activation, and GTPase-activating protein (GAP) negatively regulates the switch by enhancing the intrinsic GTPase activity. Rho signalling responds to diverse external stimuli including growth factors that engage cell surface receptors (such as G protein-coupled receptors, GPCRs) and regulate activation of downstream RhoGEFs and RhoGAPs. RGS-RhoGEFs including leukaemia-associated RhoGEF (LARG), p115-RhoGEF and PDZ-RhoGEF stimulate RhoA activation downstream of heterotrimeric G protein a subunits (G a ) and GPCRs (Hart et al, 1996; Fukuhara et al, 1999; Kourlas et al, 2000) . Rho signalling is frequently targeted by bacterial effectors/toxins that usually mimic functions of the host RhoGEF or RhoGAP or covalently modify Rho GTPases (Aktories and Barbieri, 2005) . Bacterial effectors directly targeting host RhoGEFs or RhoGAPs have not been reported so far.
In this study, we investigate the signalling mechanism of EspH in interfering with the host actin cytoskeleton dynamics. Through extensive biochemical and cell biological analyses, we discover that EspH directly binds to the DH-PH domain in RhoGEFs. The binding between EspH and the DH-PH domain competes with Rho binding to RhoGEFs and prevents Rho activation, thereby inhibiting downstream Rho signalling and actin cytoskeleton dynamics. Consistent with this biochemical observation, we further discover that EspH has a critical function in counteracting phagocytosis during EPEC infection of macrophages. Our study provides a new mode of hijacking the host Rho and actin cytoskeleton signalling by bacterial effectors and reveals new insights into the mechanism of EPEC/EHEC pathogenesis as well as regulation of DH-PH domain RhoGEF activities in eukaryotes.
Results

EspH disrupts the actin cytoskeleton and causes cell rounding up
To explore the cellular function and host target of EspH, HeLa cells were transiently transfected with EGFP-EspH, in which EspH-expressing cells were identified by the coupled expression of EGFP. Consistent with the reported data (Tu et al, 2003) , EGFP-EspH was found to associate with the plasma membrane and expression of EspH caused a complete disruption of the filamentous actin cytoskeleton structure ( Figure 1A ). The EspH-expressing cells became rounded up and tended to detach from the culture dish. The phenotype occurred in nearly 100% of EspH-transfected HeLa cells ( Figure 1B ) as well as other cell types such as HEK 293T cells (data not shown). Moreover, when HeLa cells were infected with wild-type EPEC strain, but not the espH mutant strain, at a multiplicity of infection (MOI) of 100 for 1 h, about 20% of cells developed a similar rounding-up phenotype (Figure 1C and D) . A more severe phenotype appeared when the deletion strain was complemented with an EspH overexpression plasmid ( Figure 1E ). The cell-rounding effect observed with EPEC infection seems to be cell-type specific as it did not occur on Caco-2 and T84 cells (data not shown). These results suggest that EspH, either transiently expressed or delivered by the EPEC TTSS into eukaryotic cells, harbours a potent activity of disrupting the host actin cytoskeleton structure.
Signalling pathways downstream of Rho GTPases are not affected by EspH
The cytoskeleton-disruption and cell-rounding phenotype caused by EspH is similar to that by Yersinia cysteine-protease type III effector YopT that cleaves the prenylated cysteine in Rho GTPases (Shao et al, 2002) . We then examined whether EspH could also interfere with host Rho GTPase signal transduction. It is known that RhoA-induced stress fibres formation is through cooperative activation of two downstream effectors mDia1 and ROCK-I. In HeLa cells, a constitutively active ROCK-I mutant (ROCK-I D3) induced thick and sparely distributed star-like condensed actin fibres (Ishizaki et al, 1997) (Figure 2A ), whereas cells expressing the constitutively active mDia1 DN mutant (524-1255) exhibited an unusual bipolar fusiform cell morphology and thin stress fibres that were aligned with the long axis of spindleshaped cells (Watanabe et al, 1999) (Supplementary Figure S1A) . Notably, co-expression of EGFP-EspH did not affect the development of actin stress fibres or the cell morphology changes that are induced by ROCK-I D3 or mDia1 DN ( Figure S1 ). Furthermore, the dominant active variant of RhoA (RhoA Q63L) could stimulate formation of robust actin stress fibres (and slight cell-body shrinkage) despite the presence of EspH ( Figure 2D-F) . Similarly, distinct actin filamentous structures induced by constitutively active Rac Q61L and Cdc42 Q61L were also not affected by EspH (data not shown). These epistasis analyses indicate that signalling pathways downstream of Rho GTPases to actin polymerization remain intact in cells expressing EspH.
Activation of Rho GTPases turns on serum response factor (SRF)-dependent gene transcription through SRF recognition of serum response element (SRE) in the promoter (Hill et al, 1995) . As expected, expression of RhoA Q63L, Rac Q61L or Cdc42 Q61L in 293T cells all resulted in potent activation of SRE luciferase, but this was not subjected to significant inhibition by co-expression of EspH ( Figure 2G ; Supplementary Figure S2 ). These data further confirm that signal transduction pathways downstream of Rho GTPases are intact and not targeted by the activity of EspH.
CNF-1 antagonizes EspH-induced cell-rounding effect and induces actin stress fibres formation in the presence of EspH Cytotoxic necrotizing factor 1 (CNF1) is a potent cytotoxin produced by some E. coli isolates that cause extraintestinal infections in human (Caprioli et al, 1987) . CNF1 catalyses irreversible deamidation of Gln63 in RhoA, thereby locking RhoA conformation in the GTP-bound state and inhibiting both intrinsic and RhoGAP-stimulated GTPase activities (Flatau et al, 1997; Schmidt et al, 1997) . As shown in Figure 2H , HeLa cells treated with recombinant GST-CNF1 displayed significantly enhanced actin stress fibre formation, as expected. Expression of EspH in untreated cells caused cell rounding and disruption of actin stress fibre structures. However, GST-CNF1 treatment reversed the phenotype and EspH-expressing HeLa cells showed a flat and normal cell morphology and enhanced actin stress fibres, indistinguishable from control cells treated with GST-CNF1 ( Figure 2H ). These data strongly indicate that Rho GTPase itself, in addition to its downstream signalling, is fully functional and amenable to nucleotide-dependent activation even in the presence of EspH, and argue against the possibility that EspH directly targets Rho GTPases in eukaryotic host cells.
EspH inhibits signalling downstream of GPCR agonists and G a Extracellular stimuli such as serum, lysophosphatidic acid (LPA) and thrombin activate Rho signalling and induce stress fibres formation through GPCRs and their downstream G a 12 or G a 13 heterotrimeric G protein Kozasa et al, 1998) . We found that 20% serum, LPA and thrombin all failed to induce enhanced stress fibres in EspH-expressing NIH 3T3 cells (data not shown). Consistently, expression of EspH markedly inhibited serum-and LPA-induced SRE-luciferase activation, and to a less extent, thrombin-induced reporter activation in 293T cells ( Figure 3A ). The decreased reporter activation is unlikely to be a non-specific effect caused by cell rounding because the luciferase assay was performed at the time before the onset of evident cell rounding. Although EspH did not alter the expression and localization of exogenous LPA receptors (Supplementary Figure S3) , we still could not completely rule out the possibility that EspH expression might lead to the loss of the GPCR receptors on the plasma membrane. Therefore, we went further to examine whether EspH could inhibit Rho signalling activated by G a 12 or G a 13. As expected, transfection of constitutively active G a 12 (G a 12 QL) and G a 13 (G a 13 QL) induced robust activation of SRE luciferase. However, this activation was largely abolished by co-expression of EspH ( Figure 3B ). The RGS domain of p115-RhoGEF, a dominant-negative mutant of endogenous p115-RhoGEF that can block the G a -RhoGEF-Rho signalling , serves as a positive control here. In agreement with the SRE-luciferase assay, results of the RBD pulldown assay that directly measures the amount of RhoA-GTP (Ren and Schwartz, 2000) further indicated that EspH could counteract the activity of G a 13 QL, but not CNF, in elevating the cellular level of RhoA-GTP ( Figure 3C ). Taken together, the above analyses suggest that signalling transduction from G a proteins to Rho GTPases downstream of the plasma membrane receptor is significantly attenuated by EspH.
EspH inhibits RhoGEF-induced activation of Rho GTPases
Yersinia type III effector YpkA directly targets G a and inhibits activation of downstream Rho GTPases (Navarro et al, 2007) . Our initial hypothesis was that EspH might function similarly as YpkA to act on G a . However, EspH did not bind G a 12 and G a 13 in the co-immunoprecipitation assay (data not shown). RGS-RhoGEFs such as p115-RhoGEF, PDZ-RhoGEF and LARG mediate signalling transduction between the trimeric G proteins and Rho GTPases (Mao et al, 1998) . We then examined whether EspH could disrupt signalling at the level or downstream of RhoGEFs. As shown in Figure 3D , EspH markedly inhibited SRE-luciferase activation induced by p115-RhoGEF, PDZ-RhoGEF or LARG. Consistently, transfection of p115-RhoGEF into HeLa cells resulted in enhanced and thick actin filamentous bundles, but this effect was counteracted by co-expression of EspH ( Figure 3E ). In fact, cells expressing EspH still rounded up despite the unaffected expression level of exogenous p115-RhoGEF ( Figure 3E -G). EspH also inhibited the SRE-luciferase activation stimulated by p115-RhoGEF DC (1-820) and PDZ-RhoGEF DC (1-1160) that lack the carboxyl terminal auto-inhibitory region ( Figure 3H ). These data suggest that EspH inhibits RhoGEFmediated activation of Rho GTPase.
EspH directly targets RhoGEFs through binding to the DH-PH domain
The above results promoted us to investigate whether EspH could form complexes with RhoGEF or Rho itself. When 
(G) Effects of EspH on Rho
GTPase-stimulated transcriptional responses; 293T cells were co-transfected with luciferase reporter plasmids together with EspH and a Rho GTPase-expression construct (RhoA Q63L, Cdc42 Q61L or Rac Q61L). Luciferase activities were measured 11 h post-transfection and the ratio of firefly to Renillaluciferase counts was calculated. The experiment was repeated for three times with each in duplicate. The relative luciferase activity from control and EspH-expressing cells has no statistically significant difference (P40.05). Expression levels of Rho GTPases and EspH are shown at the lower panel. (H) Effects of CNF1 on EspH-induced cell rounding and disruption of the actin cytoskeleton structure. HeLa cells transfected with EGFP-EspH for 16 h were treated with 400 ng/ml of purified GST-CNF1 for 12 h. Shown are Rhodamine-phalloidin (left) and GFP staining (right) fluorescence images.
co-expressed in 293T cells, EspH efficiently co-immunoprecipitated with full-length p115-RhoGEF ( Figure 4A ), but not Rho GTPases (data not shown). RhoGEFs harbour a conserved DH-PH domain that catalyses the nucleotide change on Rho. In addition to that induced by full-length RGSRhoGEFs, SRE-luciferase activation stimulated by the DH-PH domain from p115-RhoGEF, PDZ-RhoGEF or LARG was markedly inhibited by EspH ( Figure 3H ). Thus, we hypothesized that the DH-PH domain might be the target of EspH. To this end, we generated a series of truncations of p115-RhoGEF ( Figure 4A ). Notably, EspH was found to co-immunoprecipitate with all truncations that contain an intact DH-PH domain, but not the RGS domain alone ( Figure 4A ). Removal of the carboxyl terminal auto-inhibitory region in p115-RhoGEF resulted in a significantly enhanced interaction. A shortest fragment containing the DH-PH domain alone gave the strongest EspH binding ( Figure 4A ). To further confirm that EspH targets the DH-PH domain of RhoGEFs, we prepared bacterially expressed recombinant maltose-binding protein (MBP)-tagged DH-PH domain from p115-RhoGEF, PDZRhoGEF and LARG ( Figure 4B ). When these MBP proteins were incubated with lysates from intact 293T cells or 293T cells expressing EspH or OspF (Li et al, 2007) , only EspH was precipitated by MBP-DH-PH and not MBP alone ( Figure 4C ). Furthermore, EspH also efficiently co-precipitated with p115-RhoGEF DH-PH domain when both proteins were coexpressed in EPEC ( Figure 4D ), indicating that the interaction does not involve any eukaryotic factors. These data suggest that EspH directly and specifically binds to the DH-PH domain of RhoGEFs both in vitro and in eukaryotic cells. The DH-PH domain is highly conserved in RhoGEFs. In the transfection assay, EspH could co-immunoprecipitate with the DH-PH domain from PDZ-RhoGEF, LARG as well as non-RGS-RhoGEFs including Dbl and p63RhoGEF. Thus, the target specificity of EspH during EPEC infection is likely mediated by other factors or a specific location effect.
EspH competes with Rho for binding to the DH-PH domain of RhoGEFs and disrupts RhoGEF-Rho signalling
To further understand the mechanism of RhoGEF inhibition by EspH, we checked the complex formation of RhoGEF with its upstream G a protein and downstream Rho GTPase in the presence of EspH. EspH did not interfere with the co-immunoprecipitation between G a 12/13 and p115-RhoGEF DH-PH from 293T cells ( Figure 5A and data not shown). Instead, constitutively active G a 12 or G a 13 promoted the association between p115-RhoGEF DH-PH and EspH ( Figure 5A ). This is consistent with the observed enhanced binding between EspH and the truncated and presumably more active form of p115-RhoGEF ( Figure 4A ). When the interaction between the DH-PH domain and RhoA was examined, we found that EspH attenuated the co-immunoprecipitation between RhoA and the DH-PH domain of PDZ-RhoGEF or LARG in a dosedependent manner ( Figure 5B; Supplementary Figure S4 ). These results suggest that the interaction of EspH with the DH-PH domain interferes with the binding of RhoA to the DH-PH domain of RhoGEFs.
Several structures of the DH-PH domain in complex with RhoA are reported and show a conserved mode of interaction. The crystal structure of PDZ-RhoGEF DH-PH/RhoA complex reveals three major binding interfaces (Derewenda et al, 2004) . E741 and S748 in the DH domain of PDZ-RhoGEF contact the switch I region in RhoA (Interface A); residues including R867, R868, L869, R872, D873 and I876 in the DH domain are involved in interactions with the switch II region centreing around RhoA W58 (Interface B); D921, E928 and N929 interact with another switch II region around R68 in RhoA (Interface C). In view of the structural information, we generated four DH-PH domain mutations including E741N/ S748A (M1), R867Q/R868G/L869A (M2), R872D/D873N/ I876M (M3) and D921A/E928A/N929A (M4). M1 and M4 are mutations in the Interfaces A and C, respectively, whereas M2 and M3 are expected to disrupt the Interface B. As expected, co-immunoprecipitation between either of the four mutants and RhoA were significantly compromised (M1) or almost completely abolished (M2, M3 and M4) ( Figure 5C ). Interestingly, the association between EspH and PDZ-RhoGEF DH-PH was also largely attenuated by the M2 mutation, and to a less extent the M3 mutation ( Figure 5D ), predicting an overlapping surface in the DH-PH domain for binding to EspH and RhoA. These data strongly suggest that EspH competes with RhoA for binding to the DH-PH domain of RhoGEFs.
The above analyses further predict that recombinant EspH should directly inhibit nucleotide exchange of RhoA catalysed by the DH-PH domain of RhoGEFs. Unfortunately, we were not able to obtain recombinant EspH protein despite extensive tries in several different expression systems. We then turned to measure the DH-PH domain-stimulated higher level of RhoA-GTP in cells expressing EspH or not. As shown in Figure 5E , overexpression of the DH-PH domain increased the level of RhoA-GTP, which was counteracted by co-expression of EspH. Similarly, EspH also attenuated activation of Cdc42 induced by the DH-PH domain of Dbl when the level of CDC42-GTP was measured by the PBD pulldown assay ( Figure 5F ). These results support the above hypothesis that EspH inhibits the DH-PH domain-catalysed Rho activation by competing with Rho for binding to the DH-PH domain in RhoGEFs.
EspH inhibits macrophage phagocytosis
The espH À mutant of EHEC has a reduced colonization throughout the intestinal tract and shows a significantly attenuated pathogenicity in EHEC rabbit infection model (Ritchie and Waldor, 2005) . EspH has been proposed to have a function in bacterial adherence or resistance to host defences (Ritchie and Waldor, 2005) . Macrophage phagocytosis serves as a first line of host defence again invading bacterial pathogens. Phagocytosis is driven by extensive local reorganization of the actin cytoskeleton and is known to be dependent on the activity of Rho GTPases that are spatially and temporally regulated by Rho GTPase regulators including RhoGEFs (Caron and Hall, 1998; Patel et al, 2002) . EPEC also effectively inhibits its own uptake by blocking F-actin polymerization at the site of bacterial contact in its TTSS-dependent manner (Goosney et al, 1999; Celli et al, 2001; Quitard et al, 2006; Iizumi et al, 2007) . These information promoted us to test whether EspH could indeed have a function in counteracting macrophage phagocytosis. We first investigated whether EspH could target the DH-PH domain RhoGEF in macrophage cells. When transfected into macrophage-like RAW264.7 cells, EGFP-EspH was found to co-localize with p115-RhoGEF at the cell membrane region ( Figure 6A ). EspH also co-immunoprecipitated with p115-RhoGEF in macrophages, and also similarly to that observed in 293T cells, only DH-PH domain-containing fragments could pulldown EspH in RAW264.7 cells ( Figure 6B) . Furthermore, the DH-PH domain of p115-RhoGEF co-immunoprecipitated with EspH translocated into RAW264.7 cells by the EPEC TTSS during EPEC infection ( Figure 6C ). These data suggest that EspH could potentially target the DH-PH domain RhoGEFs in macrophage cells.
Secondly, C57BL/6 mice-derived bone marrow macrophages were infected with wild-type or mutant EPEC strains. Extracellular bacteria and total cell-associated bacteria were stained by red-and green-coloured secondary antibodies, respectively. As expected, most of the wild-type bacteria stayed extracellularly after infection (Figure 7 ; Supplementary Figure S5 ). Similarly to the type III deficient espB Transfected cells were stimulated with serum (20%), thrombin (1 unit/ml) or LPA (5 mM) following 18-h serum starvation. Firefly and Renilla-luciferase activities were measured 6 h post-treatment and calculated ratios of firefly to Renilla-luciferase counts are shown. The experiment was repeated for three times with each in duplicate. Data were analysed using unpaired two-tailed Student's t-test, and considered statistically significant for Po0.05 (*) and Po0.005 (**). (B) Effects of EspH on G a 12 and G a 13-stimulated SRE-luciferase reporter activation. Experiments were performed similarly as those in Figure 2G and data were presented similarly as in (A). G a 12 QL and G a 13 QL are constitutively active mutants and the RGS domain of p115-RhoGEF serves as a positive control. (C) Effects of EspH on G a 13-stimulated RhoA activation. HeLa cells were transfected with G a 13 QL-expression plasmid in the presence or absence of EspH. Levels of the GTP-bound RhoA were probed by using the GST-RBD pulldown assay. RhoA activation induced by GST-CNF1 was included as a control. Expression of the EEtagged G a 13 was analysed by western blot using the anti-EE antibody. Flag-EspH was co-expressed with GST or GST-tagged p115-RhoGEF DH-PH domain in wild-type EPEC strain. Shown are immunoblots of the total lysates and GST pulldowns using Flag and GST antibodies, respectively. Asterisk (*) marks a non-specific band.
and more classical phagocytosis assay, deletion of EspH as well as EspB resulted in enhanced phagocytosis of IgG-coated latex beads by EPEC-infected J774A.1 cells (Figure 8 ). This phenotype could also be efficiently rescued by complementation with the EspH-expression plasmid. These data clearly show that EspH secreted by EPEC TTSS has an important function in antagonizing phagocytosis during infection of macrophages.
Discussion
The et al, 2008) . In this regard, EspH functions similarly to MLK3 in that EspH could also bind to p63RhoGEF in a co-immunoprecipitation assay (Supplementary Figure S6) . As opposed to EspH, MLK3 seems to compromise the interaction between p63RhoGEF and G a q. This is consistent with the fact that G a q and RhoA bind to different sides of the DH-PH domain of p63RhoGEF (Lutz et al, 2007) . Thus, EspH and MLK3 are similar in binding the DH-PH domain in RhoGEF and inhibiting Rho activation, but are distinct regarding their binding surfaces on the DH-PH domain as well as the mechanism of inhibition. Many DH-PH domain RhoGEFs are auto-inhibitory under the resting state. For instance, an N-terminal helical extension in two RhoGEFs (VAV and Tim) binds to DH domain active sites and blocks its access to GTPases (Aghazadeh et al, 2000; Yohe et al, 2007) . It is certainly possible that the mode of EspH function in inhibiting RhoGEF activity might be reminiscent of RhoGEF auto-inhibition. Future efforts in this regard will further our understanding of the biochemical mechanism of EspH inhibition of RhoGEF activity. Another interesting question that remains to be answered is the target specificity of EspH. In transfection assays, EspH could interact with DH-PH domains from multiple RhoGEFs including the three RGS-RhoGEFs and p63RhoGEF and Dbl (Supplementary Figure S6A and data not shown) . This is not unexpected as the DH-PH domain is highly conserved in sequence and structure. The human genome contains 450 DH-PH domain RhoGEFs. As the amounts of EspH secreted by EPEC into host cells are low, it is reasonable to speculate that EspH might only target a specific pool of a particular RhoGEF(s) during infection given the model of EspH function as a competitive inhibitor of RhoGEF. Interestingly, recent studies show that EPEC type III effector Map mimics the host Dbl and catalyses the exchange of GDP for GTP in Cdc42 both in vitro and in host cells (Ohlson et al, 2008; Huang et al, 2009 ). It will be interesting to determine whether EspH is also capable of binding and inhibiting Map or other RhoGEF-like effectors from EPEC itself.
An earlier study shows that inhibition of Rho GTPase activity accelerates the kinetics of actin pedestal elongation during infection (Ben-Ami et al, 1998). Our discovery that EspH attenuates the host Rho GTPase signalling through antagonizing the DH-PH domain RhoGEF provides a possible mechanistic understanding of the function of EspH in aiding pedestal formation. Meanwhile, EPEC infection also induces an immediate and transient formation of filopodia (Kenny et al, 2002) . This requires activation of Cdc42, which is mediated by the Dbl-mimicking Cdc42 GEF activity of Map (Ohlson et al, 2008; Berger et al, 2009; Huang et al, 2009) and possibly also involves a host Cdc42 GEF(s). Therefore, inhibition of filopodia formation by EspH observed by Tu et al (2003) might result from EspH inactivation of RhoGEF revealed in our study. Inhibition of actin polymerization during filopodia formation by EspH might increase the local concentration of actin monomers, which could facilitate actin pedestal formation that requires high local concentration of the building block.
In EHEC rabbit infection, the espH À mutant has a significantly reduced colonization throughout the intestinal tract and only the infected animals have mild diarrhoea. These suggest that EspH might have a function in bacterial adherence or resistance to host defence (Mundy et al, 2004; Ritchie and Waldor, 2005 IgG-and complement receptor-mediated phagocytosis, but the mechanism remains completely unknown (Marches et al, 2008) . The TTSS translocator protein EspB does this by targeting the host myosin (Iizumi et al, 2007) , but it is neither solely responsible nor sufficient for the antiphagocytosis function of EPEC (Dean and Kenny, 2009 help to define the function of RhoGEFs in regulating macrophage phagocytosis.
Materials and methods
Plasmids, antibodies and reagents
EspH DNA (accession number GI: 47118301) was amplified from EHEC strain O157:H7. For expression in mammalian cells, the PCR fragment was cloned into pCDNA3 vector with an N-terminal flag tag, pCS2 vector with six copies of myc epitope at the N-terminus and the pEGFP-C1 vector. For complementation of the deletion mutant, the PCR fragment was cloned into the pZLQ vector with the trc promote (Luo et al, 2003) . pRK5-myc-RhoGTPases constructs were described earlier (Shao et al, 2002) . pFL-mDia1 and pCAGmyc-ROCK-I provided by Dr Shuh Narumiya were used as the PCR template for subcloning into the pCS2-Flag-expression vector. All RhoGEFs and their truncations were cloned into pCS2-Flagexpression vector. EE-tagged constitutively active hetero GTPase Figure 8 EspH inhibits FcgR-mediated phagocytosis during EPEC infection. J774A.1 macrophages infected with wild type or indicated mutant EPEC E2348/69 strains (MOI of 20:1) were challenged with mouse IgG-opsonized latex beads for 40 min. Total and extracellular beads were differentially stained as described in Materials and methods. Shown in (A) are fluorescence images of IgG-beads and DAPI staining of nuclei (cell and bacteria). Statistics (mean±s.d.) of percentages of internalized beads are in (B). **Denotes a statistically significant difference compared with the wild-type strain infection. About 500 cells were counted for each assay.
G a 13 Q226L, G a 12 Q231L and G a q Q209L were purchased from Missouri S&T cDNA Resource Center. All the point mutation constructs were generated by QuikChange Site-Directed Mutagenesis kit (Stratagene). All the plasmids were verified by DNA sequencing. Antibodies for RhoA (26C4) and myc were purchased from Santa Cruz Biotechnology. Anti-Flag M2 antibody and Flag M2 agarose affinity gel were from Sigma. Anti-E. coli serum (serotype O127) (Tianjin Biochip Corporation) was used for immunostaining of EPEC E2348/69. Rhodamine-phalloidin, Alexa-488-and Alexa-546-conjugated goat anti-rabbit IgG secondary antibodies were purchased from Invitrogen. Cell culture products were also from Invitrogen and all other chemicals were Sigma-Aldrich products unless noted.
Cell culture and fluorescence microscopy All cell lines were obtained from ATCC; 293T, NIH 3T3, HeLa cells, RAW264.7 and J774A.1 were grown in Dulbecco's modified Eagle's medium (DMEM) (Hyclone) supplemented with 10% foetal bovine serum (FBS), 2 mM L-glutamine, 100 units/ml penicillin and 100 mg/ml streptomycin. Caco-2 cells were grown in Minimum Essential Medium supplemented with 20% FBS and 2 mM L-glutamine. T84 cells were grown in a 1:1 mixture of Ham's F12 medium and DMEM supplemented with 5% FBS and 2 mM L-glutamine. Bone marrow macrophages were isolated from femurs (C57BL/6 mice) as described earlier (Boyden and Dietrich, 2006) and maintained in RPMI 1640 medium containing 20% FBS and 30% L929 cell-conditioned supernatant. On day 7, macrophages were re-plated into RPMI 1640 medium containing 10% FBS. Cells were cultivated in a humidified atmosphere containing 5% CO 2 at 371C. HeLa cells cultured on coverslips were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) for 10 min at room temperature (RT), washed with PBS and then permeabilized for 10 min in PBS containing 0.5% Triton X-100. Fixed cells were blocked with 1% BSA for 30 min. Filamentous actin were stained for 1 h by using Rhodamine-phalloidin supplemented with 0.1% BSA. Images were acquired using a Zeiss LSM510 META laser scanning confocal microscopy.
Transfection, immunoprecipitation and luciferase assays
The 293T and HeLa cells were transfected with an efficiency of B85-90% using the standard calcium phosphate method. Lipofectamine 2000 (Invitrogen) and Vigorous transfection reagent (Vigorous Biotechnology Beijing Co., Ltd) were used to transfect NIH 3T3 and RAW264.7 cells, respectively. For immunoprecipitation and GST co-precipitation assays, 293T and RAW264.7 cells at a confluence of 80% were transfected with indicated plasmids (5 mg for 293T cells and 10 mg for RAW264.7 cells). Transfected cells were lysed 24 h later in a buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% sodium deoxycholate and a protease inhibitor mixture (Roche Molecular Biochemicals). Cell lysates were incubated with Flag M2 beads or glutathione beads for 2 h at 41C followed by extensive wash with the lysis buffer. Proteins bound on the beads were eluted with the SDS loading buffer and analysed by immunoblotting. For infected RAW264.7 cells, cells were washed three times with PBS after 2 h of infection and lysed in a buffer containing 25 mM Tris (pH 7.4), 150 mM NaCl, 30 mM MgCl2, 1 mM DTT, 0.05% Triton X-100 and the protease inhibitor mixture for 30 min at 41C. A total of 1% Triton X-100 was added to the centrifuged lysates before subjection to immunoprecipitation.
For luciferase assays, 293T cells were serum starved (0.5% serum) for 1 h before transfection with luciferase reporter plasmid, and luciferase activity was determined 11 h post-transfection using the dual-luciferase assay kit (Promega). As luciferase reporter plasmids are co-transfected together with EspH, the luciferase counts only measures the reporter activity from transfected cells. For stimulation, 293T cells were serum starved for 18 h after transfection and then stimulated with LPA (50 mM), serum (20%) or thrombin (10 unit/ml) for 6 h before the assay time.
EPEC manipulation and phagocytosis assays
Nalidixic acid-resistant EPEC strain E2348/68 strains (wild type and the EspB deletion mutant UMD864 and the espH À mutant) were cultured in LB broth. The espH À strain was constructed as described earlier (Donnenberg and Kaper, 1991) and confirmed by PCR analyses. For infection, bacteria were cultured overnight at 371C without shaking, and the LB culture was diluted 1:40 into DMEM containing 2 mM L-glutamine. Before infection, bacteria were pre-activated by incubation in a humidified atmosphere containing 5% CO 2 at 371C for 3 h. To determine EPEC secretion of EspH, bacteria cultured in DMEM were induced with 1 mM IPTG after OD600 reached 0.6. A total of 1.5 ml of induced culture was centrifuged, and the filtered supernatant (0.2 mm pore size) was precipitated with 10% trichloroacetic acid for 1 h at 41C. The pellet was washed twice with ice-cold acetone and suspended in SDS loading buffer. Samples were analysed by anti-flag immunoblotting analyses.
To examine cell-rounding effects, HeLa cells were infected with the wild-type or espH À strain (MOI, 100:1). Rounding cells were identified and photographed using a phase contrast microscope. To examine phagocytosis of the bacteria by macrophages, bone marrow macrophages were seeded onto coverslips in six-well dishes 1 day before infection at a density of 7 Â10 5 cells/well. J774A.1 cells were seeded at a density of 4 Â 10 5 cells/well. Both cells were incubated for 1 h in serum-free medium and then infected for 1 h with indicated EPEC strains (MOI of 20:1). Infected cells were washed with PBS, fixed in 4% paraformaldehyde for 30 min, and blocked with 10% normal goat serum for 1 h at RT. Phagocytosis assays were performed by differential staining of extracellular and total macrophage-associated EPEC (Goosney et al, 1999) . Briefly, infected macrophages were sequentially stained with anti-E. coli O127 antibody and Alexa-546-conjugated goat antirabbit IgG antibody (extracellular bacteria). Afterwards, cells were washed with PBS, fixed in 4% paraformaldehyde for another 10 min and permeabilized with 0.5% Triton X-100. Total cell-associated bacteria were identified by staining of permeabilized cells with the same primary antibody followed by Alexa-488-conjugated goat antirabbit IgG antibody. At least 50 cells per coverslip were randomly selected and the number of extracellular and total macrophageassociated EPEC was counted. The experiment was repeated for at least three times.
For phagocytosis of the latex beads (3 mm), J774A.1 cells were seeded at a density of 9 Â10 5 cells/well 12 h before infection. Latex particles were opsonized with 1 mg/ml IgG (3 h at RT), washed with PBS and re-suspended in serum-free DMEM. After 1.5 h of starvation in serum-free DMEM, J774A.1 cells were pre-treated with 150 ng/ml of PMA for 20 min, and then infected with preactivated EPEC strain (MOI, 20:1); 2 h later, cells were challenged with latex beads for 40 min at 371C, extensively washed and then fixed in 4% paraformaldehyde for 10 min. Extracellular beads were stained with Alexa-546-conjugated goat anti-mouse IgG antibody. After permeabilization with 0.5% Triton X-100, total beads were then stained with Alexa-488-conjugated goat anti-mouse IgG antibody. The phagocytosis index was determined by counting the number of latex beads using the Image J software.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
